This paper presents the filter correlation method, a technique for extracting consistent and accurate estimates of attenuation parameters from acoustic waveform data. The method minimizes problems associated with short time windows and multipath secondary arrivals. The method comprises two stages: a causal passband filter stage followed by a cross-correlation step. The results of the filter-correlation estimator are compared to those of the spectral difference approach for short time series with and without a secondary multipath arrival. Preliminary analyses of acoustic data collected on cored marine silts and clays show the attenuation properties of these materials cannot be described by a constant Q mechanism. The filter correlation method refines estimates of frequency-dependent velocity, revealing a small but systematic anisotropy between measurements made parallel and transverse to the sediments' bedding plane. 
INTRODUCTION
The characterization of materials by acoustic methods is widely used in many fields of science. Typical acoustic measurements of a medium include compressional and shear wave velocity and attenuation; the manner in which these properties vary with frequency can yield useful information on the nature of the target medium. For example, the P-wave attenuation of seismic waves in marine sediments (e.g., Schock et al. 1 ) can be related to the porosity, grain size, and interstitial fluid of the sediment matrix. 2-11 In medical applications, estimates of ultrasonic attenuation have been used to characterize soft tissues. 12-14 This paper describes a method for the calculation of frequency-dependent compressional wave velocity and attenuation parameters derived from transmission waveform data.
The method is robust for estimates based on small window sizes in which Fourier methods cannot resolve spectral detail; it also gives superior estimates in the presence of secondary multipath arrivals. It is a two-stage method comprising a causal passband filter followed by a cross-correlation step. A comparison using synthetic data of the filter-correlation method to the spectral difference method is given for variable window lengths and secondary arrivals.
This method has been developed to analyze ultrasonic waveform data collected in split sediment piston cores. Pairs of ultrasonic transducers are inserted directly into split cores and waveform data are collected to ascertain P-wave velocity and attenuation characteristics of the sediment. Heuristic examples given in this paper directly reflect this application, although the method could equally be applied to a variety of other waveform data (e.g., earthquake seismic coda, VSP data, etc.). Preliminary attenuation results from cores in high-porosity marine clays are discussed.
I. BACKGROUND
The amplitude A of a monochromatic acoustic wave decays exponentially with distance 6x as it moves through a medium:
A (f,,Sx) = Aoe-•,5•,.
(
The attenuation a(f) does not necessarily vary linearly with frequency f A power-law parametrization of a(f) is given by a(f) =kf 'v,
where k is the attenuation coefficient and Nis the power-law exponent. Also, Nmay vary with frequency; for instance, the Biot model 2-11'15 for saturated marine sediments predicts that N may vary from 2 to 1/2 as the frequency of the wave increases from the seismic to the ultrasonic wave bands.
Rayleigh scattering 16 is characterized by N equal 4.
If the material exhibits a linear dependence on frequency (N = 1 ) then it is termed a constant Q material. In this case, Q and a are related by Q = rrf/av, proach, an attenuated waveform is windowed and the time series is transformed into the spectral domain with an FFT (Fig. 1 ). An estimate of an unattenuated waveform is obtained by calibrating transmitter-receiver pairs in a nondissipative medium, or by assuming that the source characteristics are known. Although this approach is simple and straightforward, difficulties arise when multiple arrivals of the transmitted energy fall within the selected sampling window. This effect has been shown to be a significant and sometimes dominant effect on estimates of attenuation derived from seismic reflection data. 22-24 Unfortunately, single arrivals cannot always be separated or isolated; bandlimited energy necessarily arrives in wave packets of finite length that may overlap following events. The frequency content of the waveform (or, equally, the wave packet width) determines the minimum duration of the sampling window if one wishes'to resolve spectral peaks and reduce effects of spectral sidelobe leakage. 25 If a window brackets less than several cycles of the dominant frequency in the waveform, then Fourier transform estimates of spectral energy are less accurate. Thus both the window size and presence of secondary arrivals place strong constraints on the applicability of the FFT spectral difference method. These effects are illustrated in Sec. III.
II. FILTER-CORRELATION METHOD
The filter-correlation method is a two-stage procedure that can give superior estimates of attenuation when length of time windows must be reduced to minimize the effects of secondary multipath arrivals. Assume that two waveforms are available for analysis, an unattenuated reference waveform wC(t) and an attenuated waveform w(t), where t is time (Fig. 2) . The waveforms have been sampled N times at equal intervals tSt, in a window of length T = NtSt. The value of w(t) at a specific time ktSt is denoted by wk; k = 1,N.
The waveforms in temporal resolution ultimately determines the resolution of velocity dispersion. The first arrival of energy in the reference waveform occurs at time t• (Fig. 1) FFT spectral estimates between 100 to 350 kHz and 650 to 1000 kHz were used to compute attenuation parameters in the spectral difference method, avoiding a notch in the power spectra at 500 kHz. Eight passbands were used in the filter-correlation method: 300 to 400 kHz, 400 to 500 kHz, 500 to 600 kHz, 600 to 700 kHz, 700 to 800 kHz, 800 to 900 kHz, 900 to 1000 kHz, and 1000 to 1100 kHz.
In the first test series effects of window length are tested. from Emerald Basin, a Quaternary deposit of unconsolidated glaciomarine clay and silts located approximately 100 km south-southeast of Halifax, Nova Scotia. 27 Piston cores were split normally within 24 h of collection, and acoustic properties were measured immediately thereafter. Biogenic gas caused expansion and cracking of some of the cores. Acoustic measurements made on these cores showed a significant reduction in the amplitude of transmitted sound and these measurements were discarded. In situ measurements 28 might avoid this problem; however, velocity measurements at more than one direction to the bedding plane would be difficult with a remotely deployed device. A more complete discussion of the data collection and analysis of these data are the subject of another paper; 29 only a sample of waveform data from core 87003-004 is discussed here.
Compressional wave data were collected using a marine sediment acoustic measurement system as described by Baldwin clay and silt on a subcentimetre scale. It has been predicted 32'33 that a finely layered media should show compressional wave anisotropy, induced by shear coupling between adjacent layers. In Fig. 11 the velocity anisotropy, expressed here as the difference between the transverse and longitudinal velocities, is plotted against depth in the core. Porosity, derived from bulk density measurements, and the anisotropy in attenuation in the core are also plotted. The velocity anisotropy increases progressively with depth toward a value of 6 m/s at 16 m, punctuated by a significant negative excursion of --2 m/s near 11 m. The negative excursion correlates with a sharp increase in the mean velocity (Fig. 10) 
A least-squares fit of a quadratic through the velocity data (Fig. 10) plotted against porosity (Fig. 11 ) ity. The abscissa in Fig. 13 (a) Accurate estimates are needed to measure compressional wave velocity anisotropy in unconsolidated sediments. The compressional wave velocity parallel to the bedding plane of the sediments is consistently higher than those of the waves propagating perpendicular to the planes, increasing from 0 m/s at the surface of the core to 6 m/s at 15 m. The error in velocity caused by ignoring this effect is less than 1%. A simple two-layer model suggests that the observed velocity anisotropy is consistent with a decrease in bulk porosity with depth in the core and small-scale interlayering between alternating layers of contrasting porosity.
